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-The study of brown adipose tissue (BAT) has gained significant scientific interest since the discovery of functional BAT in adult humans. The thermogenic properties of BAT are well recognized; however, data generated in the last decade in both rodents and humans reveal therapeutic potential for BAT against metabolic disorders and obesity. Here we review the current literature in light of a potential role for BAT in beneficially mediating cardiovascular health. We focus mainly on BAT's actions in obesity, vascular tone, and glucose and lipid metabolism. Furthermore, we discuss the recently discovered endocrine factors that have a potential beneficial role in cardiovascular health. These BAT-secreted factors may have a favorable effect against cardiovascular risk either through their metabolic role or by directly affecting the heart. cardiovascular; diabetes; endocrine function; obesity "NEC PINGUITUDO NEC CARO" (neither fat nor flesh) is how Konrad Gesner described the appearance of a tissue type in marmots in 1551 A.D., known today as brown adipose tissue (BAT) (58) . BAT oxidizes glucose and fatty acids (FA) to produce heat for thermoregulation (16) , thereby increasing the body's energy expenditure, especially when it is stimulated in conditions of cold and possibly overfeeding (16, 152) (Fig. 1) . Sympathetic nervous system activation with its associated norepinephrine release is a major contributor to the growth and stimulation of BAT (16) , and BAT stimulation by natriuretic peptides has also recently been reported (12) . In addition, other BAT stimulators such as thyroid hormone [triiodothyronine (T3)], retinoids, and BMPs have been described (182) (Fig. 1) .
Rodents possess a large well-delineated interscapular BAT depot, and its thermogenic ability has been documented for decades. Historically it was believed that in humans functional BAT only existed in infants, rapidly decreasing through childhood and disappearing in adulthood (31) . Recently, the presence of functional BAT was demonstrated in adult humans, mainly in the supraclavicular and paravertebral spaces and adjacent to the neck vessels (32, 154, 177, 184, 204) . As a result, the scientific interest in investigating the properties of BAT has markedly increased.
While the thermogenic properties of BAT are well known, recent evidence in mice and humans demonstrates that BAT has a role in regulating several components of cardiovascular health, such as vascular tone and systemic and cardiac metabolism (8, 25, 49, 167, 186) . In particular, BAT activation increases lipid clearance and improves glucose tolerance and insulin resistance in mice (7, 167) . In addition, BAT transplantation limits cardiomyocyte injury in mice (170) , implicating that this tissue is cardioprotective. The present review will briefly summarize the histological and anatomical characteristics and thermogenic properties of BAT, then will discuss the current literature exploring novel functions of BAT (beyond thermogenesis) and supporting promising implications in the battle against cardiovascular disease.
BROWN ADIPOSE TISSUE: HISTOLOGICAL AND ANATOMICAL CHARACTERISTICS IN RODENTS AND HUMANS
Brown adipocytes arise from specific adipogenic progenitors that are closer to skeletal muscle progenitors than to white adipocyte progenitors (158) [for a review, see Schulz and Tseng 2013 (157) ]. Histologically, brown adipocytes characteristically contain multilocular fat droplets as opposed to the large unilocular fat vacuole present in white adipocytes ( Fig.  2A ). In addition, BAT is densely vascularized (98, 146) (Fig.  2B ) and contains a large amount of mitochondria, resulting in a high iron and cytochrome content and a brownish color (16) . The dense vasculature in BAT is thought to serve two purposes: increase the delivery of FA and glucose once BAT is activated and warm the blood passing through the BAT (98) . The high mitochondrial content serves to drive the intrinsic oxidative capacity of BAT, associated with its thermogenic capacity. The numerous mitochondria in brown adipocytes are large and display laminar cristae, whereas they are small and elongated with randomly oriented cristae in white adipocytes (55) . These differences reflect the different known primary functional roles of BAT and white adipose tissue (WAT), which are, respectively, heat production with energy dissipation and energy storage and distribution.
In addition to "classical" brown adipose tissue, recent studies provide a strong indication for a recruitable BAT-like cell type expressing uncoupling protein 1 (UCP1) in rodents and humans, referred to as beige or brite adipose tissue. Beige adipocytes are thought to be originating from multipotent preadipocytes located in various WAT depots (83) or from transdifferentiation of a white adipocyte into a beige adipocyte (27) . These different ontologies are currently a topic of intense debate (161) . In mice, beige adipocytes are interspersed with white adipocytes but can also be found in muscle (158, 193) . Whether BAT in humans resembles classical brown fat or beige fat is a subject of extensive research; as the literature stands at present, some human depots have brown characteristics, whereas others are closer to beige adipose tissue (34, 38, 100, 160, 193, 197) . Regardless of its location and developmental origin, the concept of inducible "browning" in human adipose depots has received considerable attention as a potential future therapy (8, 172, 173) .
Brown adipose tissue has been most extensively localized in small laboratory rodents (rats, mice, hamsters), in which it abounds in distinct thoracic depots. In rodents, the interscapular and dorsocervical BAT depots are the largest, accounting for 50 -60% of the total BAT mass and representing roughly 0.5-1% of body weight (29) . The remainder is more dispersed throughout the body, localized in the abdomen and in the area around the kidneys (25% of total BAT in rats) (121, 165) . Interscapular BAT is readily characterized by a consistent brown cellular appearance and can be precisely located and easily dissected for experiments; therefore, this tissue depot has been used in most rodent studies. The interscapular BAT depot in rodents is richly innervated, mainly by noradrenergic fibers, and is highly vascularized; blood leaves the interscapular BAT body through a large solitary vein (the Sulzer's vein) that takes it back to the right atrium via the azygos vein and the superior vena cava (37, 69, 146) .
In newborn human infants BAT is relatively well defined and is found in the interscapular, axillary, posterior cervical, suprailiac, anterior mediastinal, and perirenal regions, taking on the form of a vest-like arrangement (1, 118) . The BAT of human newborns is interspersed with WAT, and the amount of BAT gradually declines into adulthood (73, 93, 190) . In adult humans, the anatomy of BAT is structurally less defined. Early anatomical studies identified the histological presence of BAT in humans (72, 76) . However, it was only in 2007 that Nedergaard et al. were able to successfully show BAT activity in adult humans through retrospective analysis of nuclear medicine images of radiolabeled fluorodexyglucose ([ 18 F]FDG) uptake in cancer patients (123) . The main human depots are located in the supraclavicular and the neck regions, with some additional paravertebral, mediastinal, para-aortic, and suprarenal localizations, with an absence of interscapular BAT (reviewed in Ref. 123) . Since then, the activity of human BAT has been well documented by using cold acclimation together with [ 18 F]FDG positron emission tomography imaging (32, 154, 177, 184, 204) . Other techniques are being developed to noninvasively detect human BAT, including ultrasound (6, 29, 51) , magnetic resonance imaging (MRI) (14, 23, 24) , and thermal imaging (169) .
THERMOGENIC FUNCTION
BAT is an energetically active tissue, where nonshivering thermogenesis (NST) occurs. Thermogenesis without the locomotory impairments associated with shivering serves a critical function in the wild, and BAT has been classically identified in small mammals and newborns, and it is highly developed in hibernators. Thermogenesis in BAT is accomplished via the 33-kDa UCP1 protein (62, 126) . UCP1 activation increases inner mitochondrial membrane leak, uncouples electron transfer from ATP synthesis, and dissipates the proton motive force as heat. Although the UCP1 gene arose in an ancestral vertebrate, and is found in the genomes of fishes and marsupial mammals (e.g., Refs. 81 and 82), the adaptation of UCP1 for NST in a specialized tissue (BAT) is considered a key feature in eutherian evolution (e.g., Refs. 132 and 155).
The identification of functional BAT in adult humans, where homeothermy does not rely on BAT thermogenesis (19) , shines a light on additional metabolic and biochemical roles for UCP1. Because it has a recruitable contribution to whole body metabolic rate and energy expenditure, BAT has received considerable attention as a potential therapeutic target for obesity via weight loss (26, 101) , which is discussed later in this review.
Understanding the activation mechanisms for BAT thermogenesis is critical if we are to pursue its therapeutic uses. The ability of UCP1-ablated mice to survive cold challenge has raised the possibility that thermogenic mechanisms beyond UCP1 exist in BAT. Experimentation over the last two decades, including studies conducted on UCP1-ablated mice, strongly indicate that UCP1 uncoupling is the only mechanism of adaptive NST in BAT (e.g., Refs. 62 and 63). It is well established that proton leak via UCP1 is enhanced by longchain FA and inhibited at rest by cytosolic purine nucleotides, mainly ATP (16) . The central nervous system controls BAT activation via norepinephrine, which binds to adrenergic cell surface receptors. All three subtypes of ␤-adrenergic receptors (␤ 1-3 ) are expressed in brown adipocytes (e.g., Ref. 150); however, their relative abundance varies by location and species (91) . While rodents are known to signal NST via all three ␤-adrenergic receptors (see Ref. 4) , the ␤ 3 -receptor is most prominent in rodents (148) , and it has therefore been the focus of the bulk of mechanistic investigations. Although the ␤ 1 -receptor is generally more prevalent in humans, a marked induction of BAT by a ␤ 3 -agonist has recently been shown (33) . Ultimately, adrenergic stimulation of brown adipocytes enhances lipolysis in lipid droplets and releases FA, which overcome UCP1 inhibition in turn generating heat (16) . The signaling pathway invoked by ␤-stimulation is mediated by cAMP, whose protein kinase targets include hormone-sensitive lipase. A variety of other BAT-specific activators that increase fatty acid availability to mitochondria have also been identified (see Ref. 182 for review), including thyroid hormones (112) , retinoids (171) , leptin (162) , and natriuretic peptides that signal via cGMP (92) .
Despite our increasingly clear appreciation of systemic physiological stimuli on BAT activation and NST, a consensus regarding the precise thermogenic mechanism of BAT, specifically the activation of UCP1 proton transport by long-chain FA, has remained elusive. Several mechanisms have been proposed (reviewed in Ref. 16 ), but, recently, Fedorenko et al., using patch clamping to study intact UCP1 in the inner mitochondrial membrane of BAT cells, demonstrated that UCP1 cotransports a FA anion for each proton released across the inner mitochondrial membrane (44). Long-chain FA are unable to dissociate from UCP1 until they are oxidized; therefore, they maintain H ϩ transport by shuttling within UCP1 (44) . In the simplest model, one cytosolic fatty acid anion binds to UCP1, which can subsequently bind one proton. After cotransport across the inner mitochondrial membrane, the proton is released while the fatty acid anion remains bound by hydrophobic interactions in its tail. This anion returns to its original configuration and is able to initiate another proton transport. Our understanding of the UCP1 structure within the mitochondrial membrane also continues to expand. UCP1 was classically thought to exist as a dimer, but this idea has recently been challenged, when Lee et al. reported in 2015 that UCP1 is compositionally similar to the mitochondrial ATP/ADP transporter, existing as a monomer that binds a nucleotide with 1:1 stoichiometry. Like other mitochondrial transporters, UCP1 is stabilized by tightly bound cardiolipin (96) .
BROWN ADIPOSE TISSUE AND CARDIOVASCULAR RISK FACTORS
Since the recent discovery of functional BAT in adult humans, augmenting BAT-induced thermogenesis by increasing the amount of BAT and/or by stimulating BAT has been considered as a potential therapy for obesity (173) , thereby potentially decreasing cardiovascular diseases (CVD). Additional evidence supports beneficial properties of BAT on vascular tone, and lipid and glucose metabolism. Finally, novel studies suggest that the properties of BAT may rise above a reduction of risk factors and include the release of systemic cardioprotective factors.
BAT and Obesity: Rodents and Humans
Rodents. MORPHOLOGY, HISTOLOGY, AND FUNCTION OF BAT IN OBESE RODENTS. BAT morphology and function has been investigated in several animal models at baseline or under conditions of obesity. Obesity is typically achieved by providing high-caloric diets in the presence and absence of genetic models of obesity (Ob/Ob mice and Db/Db mice) (see Ref. 88 and references herein). BAT histology and vascularization were found to be similar in wild-type (WT) mice housed at room temperature or thermoneutrality and fed either a normal chow or a high-fat diet (HFD) from 2 to 19 wk (longer periods not studied) (29, 67, 117) . However, high-caloric diet typically led to an increase in total (interscapular) BAT mass as a result of hyperplasia (29, 67, 117, 195) .
In genetic models of obesity a different BAT phenotype is present: although the overall BAT mass is increased, BAT has a significantly different appearance in DB/DB or Ob/Ob mice compared with their WT littermates. Indeed, Db/Db and Ob/Ob brown adipocytes are larger than those of WT mice, unilocular, and UCP1 negative for most cells. In addition, Db/Db BAT is less vascularized compared with WT BAT (29) .
BAT functionally also dramatically differs in models of diet-induced obesity vs. genetic obesity (Fig. 3) . Typically, thermogenic capacity and energy expenditure are preserved in models of increased caloric intake (89, 125) , arguably accompanied by an increase in UCP1 expression in BAT (54) . In contrast, in genetically obese animals, BAT activation is impaired not by intrinsic deficiencies of the BAT itself, since BAT is present and functional in these animals (15) , but because of secondary problems that may include a lack of leptin secretion and a downregulation of ␤ 1 -and ␤ 3 -adrenergic receptors in the BAT of these mice. Indeed both leptin and ␤-adrenergic stimulation are direct activators of BAT thermogenesis (17, 148, 174) . As a consequence, induction of UCP1 is impaired in genetically obese mice.
In models of diet-induced obesity two questions arise: 1) does eating a high-caloric diet lead to an intrinsic increase in BAT activity to maintain a net neutral energy balance, i.e., the concept of diet-induced thermogenesis (DIT); and 2) can obesity as such be reversed by increasing BAT-induced thermogenesis.
The answer to the first question is a matter of debate [see the perspectives by Kozak et al. (89) and Nedergaard and Cannon (125) ] and is less salient to the topic of this review.
The second question, however, directly relates the function of BAT thermogenesis to the regulation of body weight. Several independent studies have shown that activation of BAT (by cold sympathetic agonists or a direct action on brown adipocytes), concomitant with an increase of beige fat cell in WAT depots, can successfully increase energy expenditure and/or diminish adiposity in diet-induced obese animals (reviewed in Refs. 11, 125, and 194) . However, these experiments are complex to interpret, since the stimulation of BAT may elicit multiple side effects. Furthermore, the processes underlying the role of BAT and UCP1 in weight homeostasis are complex and may involve not only signaling in brown and beige adipocytes but also an interplay between BAT and other organs, including, but not limited to, the sympathetic nervous system, liver, muscle, and WAT. These topics have been extensively reviewed by others (17, 41, 88, 89, 108, 125, 200) . Of note, three recent reports elegantly demonstrated the capacity of transplanted functional BAT to limit obesity in both high-fat diet-induced obesity (107, 203) and in genetic models (Ob/Ob) of obesity (106) . Again, the mechanism by which the limitation of weight gain or reversal of obesity was achieved was not straightforward, since beneficial effects were observed systemically and in other tissues. Decreased liver steatosis, increased circulating adiponectin, increased ␤ 3 -adrenergic receptor and fatty acid oxidation gene expression in WAT, and enhanced sympathetic activity were detected after BAT transplantation and could contribute to the weight loss or lack of weight gain (106, 107, 203) .
ALTERATIONS IN BAT'S THERMOGENIC CAPACITY HAVE A DIRECT
INFLUENCE ON OBESITY. Strikingly, many of the alterations in thermogenic capacity have a direct influence on body weight in mice. These alterations can be induced either by genetic deletion, by overexpression of genes involved in thermogenesis [see references in the discussion of Anunciado-Koza et al. (3)], or by direct transplantation of functional BAT (106, 107, 203) . The first model of dysfunctional BAT was the UCP1-diphteria toxin A chain (DTA) transgenic mouse. UCP1-DTA mice have ϳ60% of their brown adipocytes ablated by expression of diphtheria toxin under the UCP1 promoter. UCP1-DTA transgenic mice fed a regular chow diet became obese and insulin resistant (110) . However, at older age, UCP1-DTA mice were also hyperphagic (enough to explain the obesity) at ambient temperature and were still able to maintain a normal body temperature when exposed to 4°C for 50 h (68). Surprisingly, raising the UCP1-DTA mice at thermoneutrality prevented the hyperphagia and obesity (116) . It was concluded that both the obesity and the hyperphagia of the UCP-DTA mouse are temperature dependent, apparent only when the mouse lives at a temperature below thermoneutrality, when BAT thermogenesis is switched on. Thus, although the observations in UCP1-DTA mice pointed to a role of BAT in obesity, the data were not conclusive.
The adipocyte protein 2 (aP2)-UCP1 mouse was generated to study the role of an increase in UCP1 expression. In the aP2-UCP1 mouse, the UCP1 expression is driven in BAT and WAT by the fat-specific constitutively regulated aP2 promoter. In agreement with the expected results, mice that were partially deficient in UCP1 (heterozygous aP2-UCP1 mice) were found to be resistant to obesity. The constitutive expression of UCP1 under the aP2 promoter maintained the mitochondria in an uncoupled state and led to resistance to both diet-induced and genetic obesity (87) . The resistance to obesity in these mice was consistent with the hypothesis that thermogenesis from elevated expression of UCP1 reduces adiposity. Interestingly, mice homozygous for the aP2-UCP1 transgene were found to have a 90% reduction in BAT mass. This decrease was attributed to UCP1 toxicity mediated by excessive uncoupling. These mice were also obesity resistant but, in contrast to the heterozygous mice, were cold sensitive (168) . These findings suggest that even 10% of BAT remaining with an increase in UCP1 expression is sufficient to protect from obesity. While later studies on UCP1-deficient (UCP1 Ϫ/Ϫ ) mice provided a more definite picture, a clear correlation between energy efficiency and the presence of BAT and UCP1 was now established.
More recently UCP1 Ϫ/Ϫ mice (42) have allowed investigators to better define the functions of UCP1. In isolated mouse BAT cells, thermogenesis is fully dependent on UCP1 (114) . Thermogenesis measured in UCP1 Ϫ/Ϫ mice by exposing them to cold is, surprisingly, only mildly impaired (119) , suggesting that compensatory thermogenic mechanisms play an important role in vivo. Investigators have speculated that multiple tissues participate in the thermogenesis induced by cold exposure in UCP1 Ϫ/Ϫ mice (119). These compensatory thermogenic mechanisms may be responsible for the lack of obesity (and even a resistance to obesity) observed in several studies of UCP1 Ϫ/Ϫ mice (3, 42, 86, 105) . While these studies were performed at room temperature, a cold environment for mice, Feldmann et al. recently demonstrated that UCP1 Ϫ/Ϫ mice have impaired thermogenesis and develop obesity even on a normal diet when placed in a thermoneutral environment (around 30°C in mice) (45) . These latter results emphasize the inverse correlation of functional BAT and obesity.
In summary, there is a consensus that increasing and activating BAT or UCP1 is likely to be an efficient way to prevent or ameliorate obesity at least in mice. The mechanisms by which BAT activation limits obesity are complex; the ability of BAT to beneficially influence adiposity is not only dependent on the intrinsic expression and activity of thermogenic genes in the brown adipocytes, but also on a fine and reciprocal cross talk between BAT and many other tissues.
Humans. HOW MUCH ENERGY DOES BAT CONSUME? In humans, the amount of BAT is estimated to be around 50 -100 g (176, 184) . This approximates 0.1% of body weight, a percentage five to ten times lower than that of the mouse. In rodents, calculations estimate that BAT contributes up to 60% of the resting metabolic rate (RMR) upon cold exposure, and it is likely that BAT is the only tissue responsible for classical NST (16, 45, 176 ). In humans a significant correlation between cold-induced BAT activity and NST has been shown (5, 175), however, a deduction of the contribution of BAT to the RMR is not straightforward due to: 1) the respective over-and underestimation of the BAT volume by positron emission tomography (PET) or computerized tomography (CT) scans measuring glucose uptake; 2) the fact that glucose uptake might underestimate BAT activity, since intracellular triglycerides have been demonstrated to be the main source of energy for acute BAT-induced thermogenesis (138); 3) the nonhomogeneity of human BAT tissue (a mix of white and brown/beige fat cells); and 4) the assumption that the maximal heat-producing capacity of human BAT is 300 W/kg (152) is based on measurements in small mammals while large mammals typically have lower metabolic rates. Estimations that take into account these limitations estimate a contribution of 2.5-7% of RMR in humans (95, 184) (138), of which 40% was attributed to NST by BAT. Thus, the actual cold-stimulated contribution of BAT to RMR may be higher. Concretely this would mean that, if BAT were to be chronically stimulated, it would consume several kilograms of fat per year (184) .
Recently, different experiments in humans were undertaken in which attempts were made to activate BAT by cold or pharmacologically induced enhanced sympathetic outflow and look at effects on body weight/fat mass. Yoneshiro et al. reported that, when healthy young adults were acclimated to 17°C for 2 h/day during 6 wk, fat mass was reduced by 5%, whereas no change was observed in the control group (198) . In contrast, Van der Lans et al. reported no changes in RMR, body weight, and plasma glucose and lipid levels in healthy young adults acclimated to 15-16°C for 6 h/day during 10 days (175). Interestingly, increased sympathetic output by stimulation of the transient receptor potential channels (TRP) with capsaicin also increased energy expenditure more and reduced fat mass in subjects with detectable BAT compared with subjects without detectable BAT (198) . Thus, whether cold acclimation is a novel tool to improve obesity remains an active subject of investigation (28) .
RELATIONSHIP OF BAT AND OBESITY IN HUMANS. Functional BAT can be detected upon stimulation in Ͼ50% of adults, depending on the age, gender, adiposity, and thermal environment (30, 32, 139) . Young lean women were shown to possess BAT most frequently (30) . In contrast, several groups reported a blunted [
18 F]FDG uptake increase in the BAT in response to cold and insulin in obese patients, suggesting that BAT function is impaired in these individuals (136, 154, 177) . Similarly, [ 18 F]FDG uptake was found to be inversely correlated to parameters of central obesity (187, 188) , to body mass index (BMI), and to the total percentage of body fat (177, 181) . Another study showed that single nucleotide polymorphisms of the genes for UCP1 and ␤ 3 -adrenergic receptor, key mediators of BAT thermogenesis, were associated with an age-related decline of BAT activity and accumulation of body fat in humans (199) . These inverse correlations have been interpreted as suggesting BAT dysfunction in obese subjects. A different interpretation, however, is that the increased subcutaneous WAT layer in obese subjects functions as a thermal insulator, thus making NST redundant and resulting in a lower BAT activity (181) . In conclusion, the recent studies in human subjects suggest a negative correlation between obesity and levels of BAT activity. These findings open the discussion for the future investigation of two different hypotheses: 1) will activating BAT be an actual cure for obesity, and 2) does reduced BAT activity predispose to obesity in certain individuals.
Effects of BAT on Metabolism (Glucose, Insulin, Triglycerides)
Fatty acids derived from triglycerides (TG) are the main energy source for BAT thermogenesis (16) . The activation of brown adipocytes leads to lipolysis of the intracellular TGfilled lipid droplets by adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) and the subsequent release of FA. These FAs serve two purposes: 1) they are metabolized by ␤-oxidation enzymes in the mitochondrial matrix; and 2) they activate UCP1, which then generates heat by initiating a futile electron transport cycle using the electrons derived from ␤-oxidation (16, 96) . Subsequently, replenishing of the intracellular TG stores happens in three ways: 1) uptake of albumin-bound free fatty acid (FFA), 2) uptake of FA from plasma very-lowdensity lipoprotein (VLDL) and chylomicrons, and 3) glucose uptake followed by de novo lipogenesis (7, 16, 47, 85) . Glucose uptake by BAT is mediated by both insulin-dependent and insulin-independent mechanisms. Glucose is also used by BAT for ATP generation (e.g., via glycolysis) (16, 90) .
The high metabolic capacity of BAT for TG clearance in mice was shown in a recent study by Bartelt et al. Coldactivated BAT reduced TG-rich lipoprotein plasma concentrations in lean mice and was able to correct hyperlipidemia in hyperlipidemic apolipoprotein A5 knockout (KO) mice (7). In contrast, surgical denervation of BAT led to hypertriglyceridemia in mice (40) .
Brown adipose tissue also plays a role in glucose metabolism. Cold activation normalized glucose tolerance and insulin resistance in obese mice fed high-fat diets (7) . Similarly, transplantation of BAT increased glucose tolerance and decreased insulin resistance in aging and obese mice (106, 167) , and increased glucose tolerance in UCP1 KO mice (170) . Furthermore, long-term treatment with ␤ 3 -adrenergic agonist or thyroid hormone, both recognized BAT activators, lowers plasma lipid and glucose levels (141, 189); UCP1 overexpression improves insulin sensitivity in rodents (145); induction of white adipose tissue browning by different recently identified "BATokines" improves glucose tolerance (13, 120, 156) ; and genetic models with increased BAT volume or activity have favorable metabolic parameters (61, 111, 137, 159) . These findings underscore the involvement of BAT in total energy expenditure, TG clearance, and glucose/insulin handling, at least in mice.
Recent data seem to indicate that some of the effects of BAT on metabolism in mice may also be extrapolated to humans. In healthy volunteers, [ 18 F]FDG-positive BAT volume and the cold-induced increase in BAT radiodensity were associated with an increase in systemic FA turnover (9). Ouellet et al. reported that exposing human volunteers to 2 h of mild cold (reduction of skin temperature by 2.5°C) resulted in enhanced FA uptake by BAT compared with muscle and WAT. The FA consumed by BAT was thought to originate mostly from the intracellular TG stores in BAT (138) . This hypothesis is in analogy to necropsy reports from newborn infants and adults who died from hypothermia, in which a depletion of intracellular lipid in BAT was found (1) . Whether BAT also uses FA from circulating lipids is not known. Bakker et al. did not find an acute lowering of plasma TG in human subjects after short-term cold exposure but did report increased fat oxidation in the absence of glucose oxidation in BAT (5). These results suggest that acute BAT activation may initially rely on catabolism of intracellular TG stores (5). Likely, prolonged BAT activation will result in increased TG clearance from the plasma, but this has not yet been studied.
The capacity of human BAT to take up large amounts of glucose at thermoneutrality and the rapid adaptation of this uptake after BAT stimulation have been well documented by [ 18 F]FDG uptake measurements. Brown adipose tissue can contribute to glucose homeostasis even without BAT stimulation by its involvement in the clearance of plasma glucose (i.e., for de novo lipogenesis) (25, 167) . Orava et al. provided the first indications that BAT [
18 F]FDG uptake represents the oxidative capacity of unstimulated BAT and showed that cold activation of BAT led to a 12-fold increase in glucose uptake by BAT accompanied by a doubling of blood flow in BAT (135) . In addition, insulin induced a fivefold increase in BAT glucose uptake (135) . The expression of insulin-sensitive glucose transporter GLUT4 was higher in BAT vs. WAT, underlining the insulin sensitivity of human BAT (135) . Whether uptake of glucose is mainly mediated via the GLUT1 or GLUT4 transporter remains to be determined. The oxidative capacity of cold-activated human BAT was confirmed later by several groups showing increased oxidative metabolism by triple-oxygen scans (H 2 15 O, C 15 O, and 15 O 2 ) as well as measurements of daily energy expenditure in healthy individuals with high BAT vs. low BAT volumes (10, 122, 138) .
The potential impact of BAT on glucose metabolism was underlined by a study showing that the presence or absence of BAT in healthy humans was a determinant of glucose and HbA 1c levels independent of body weight (113) . Also, the clearance of circulating glucose by BAT after cold exposure in insulin-resistant individuals was shown to be lower compared with insulin-sensitive individuals (136, 177, 181) . Finally, the presence of type 2 diabetes was independently associated with a lower prevalence of detectable BAT (32, 139, 154) . Another interesting observation was that increased risk of South Asian populations to develop type 2 diabetes at a lower age and at a lower BMI compared with Caucasians was correlated with a lower BAT activity in these populations (5) . Thus, based on these correlations one might speculate that, in humans, a reduced activity of BAT may predispose to type 2 diabetes not only by increasing obesity but also through a direct prodiabetic mechanism, for example, a reduced glucose uptake in BAT (124) . However, diabetes or obesity by themselves might also decrease BAT activity (124) . Further studies will be necessary to solve the temporal relationship of these events.
Several recent studies have attempted to prove that BAT activation increases insulin sensitivity in humans. In an important report, Chondronikola et al. showed that BAT activation by cold exposure (5-8 h) in healthy lean volunteers with high amounts of activated BAT directly increased RMR, increased whole body glucose disposal, increased plasma glucose oxidation, and increased insulin sensitivity (25) , whereas it had no effect in subjects with low amounts of activated BAT. Prolonged cold exposure (10 days) also markedly increased pe-ripheral insulin sensitivity (43%) in subjects with diabetes (70) . In these latter individuals, however, cold acclimation induced only a minor increase in BAT glucose uptake. These findings may suggest that other tissues (in particular muscles) are responsible for the increased insulin sensitivity after cold exposure in subjects with diabetes. A second intriguing possibility is the idea that BAT releases endocrine factors or BATokines. Some of these BATokines, produced either constitutively by BAT or only by activated BAT, might have the capacity to engage other tissues in, for instance, insulin sensitization (186) . For now, the question remains whether longterm BAT activation can indeed improve glucose metabolism in obese subjects with impaired glucose tolerance or insulin resistance and continues to be an interesting and relevant topic for future studies.
PERIVASCULAR ADIPOSE TISSUE: EFFECT ON VASCULAR TONE AND ON THE HEART
Perivascular adipose tissue (PVAT) surrounds most vessels in the body, except the cerebral circulation (57), and has been described in both mice and humans. These depots have varied morphological and functional characteristics depending on their location (20, 27) . Importantly, perivascular depots share many characteristics of BAT, including multilocular lipid droplets, high mitochondrial density, and high levels of UCP1 expression (reviewed in Ref. 20) . Perivascular depots are also thermogenic, maintaining intravascular temperature in mice (21) and most likely in humans [as suggested by the data of Robinson (149)]. Yet, PVAT has also been described as a mix of WAT and BAT depending on location within the body (153) . Despite near complete overlap of gene expression patterns between PVAT and BAT in mice (50), a mouse model that does not develop PVAT still retains WAT and BAT, indicating that these tissue types arise distinctly (reviewed in Ref. 20) . Nevertheless, adipose tissue in general is recognized as an active endocrine tissue; the proximity of PVAT to underlying vascular tissues enables our observation of local paracrine and endocrine effects (43) . There is increasing interest in understanding the interrelationship between this UCP1-expressing tissue and cardiovascular (patho)physiology.
Perivascular adipose surrounding the coronary arteries is termed epicardial adipose tissue (EAT). Unfortunately, the nomenclature applied to adipose depots co-occurring with the heart and coronary vasculature is not always clear, making it difficult to properly compare differences and similarities (49) . Coupled with the fact that mice do not have epicardial fat, it has been difficult to ascertain unique mechanistic details among adipose depots and to separate the specific role of EAT. EAT is clearly an active tissue that displays high rates of lipid deposition and lipolysis. It also exhibits high UCP1 expression, and a protein profile generally similar to beige adipocytes, but has larger unilocular lipid deposits (153) .
Until recently, mechanistic experimental work studying the properties of PVAT has been performed primarily ex vivo, and we have lacked the correct animal models to study regulation in complex whole organism systems. However, multiple results do identify a secretory vasoactive role for PVAT that has been the subject of several recent reviews (2, 20, 49) . As early as 1991, PVAT was shown to promote vasorelaxation of aortic rings in vitro (166) . In lean rodents and humans, healthy PVAT secretes a number of vasorelaxing factors that appear able to modulate local blood pressure, particularly in the microvasculature (see also Ref. 75 for review). Examples of identified PVAT vasodilators include adiponection (48, 196) , prostacyclin (21), palmitic methyl ester (97) , and the gasotransmitters hydrogen sulfide (192) and nitric oxide (56) .
The similarities of PVAT to BAT appear to play a role in PVAT's beneficial effects on vascular tone. Indeed, the UCP1 content of peripheral adipose tissues is directly correlated with blood pressure in humans (99) . A correlation between reduced UCP1 expression in perirenal adipose tissue and hypertension has been demonstrated in patients of both genders, persisting even after age and BMI matching (99) . Furthermore, a minor allelic difference in UCP1 is associated with obesity and blood pressure outcomes in women (39) .
The nuances of PVAT's contribution to vascular tone over a range of pathophysiological conditions, and even in healthy volunteers, remain unclear. Overall, it is suggested that healthy PVAT enhances endothelial-dependent and -independent vasorelaxation and is modestly anti-inflammatory (49, 75) . Importantly, however, PVAT also produces vasoconstrictive factors, such as reactive oxygen species and angiotensin (reviewed in Ref. 75) , suggesting a more complex regulatory role. Indeed, a recently developed mouse model without perivascular adipose tissue is actually hypotensive (21) .
The influence of PVAT and EAT on the development of atherosclerosis is likewise controversial. Recent work in mice lacking PVAT demonstrated worsening of atherosclerosis following a high-fat diet (21) . Additional evidence suggests that PVAT at thermoneutrality is proatherosclerotic in these mice, but, when PVAT is activated by cold, serum triglycerides are reduced, and atherosclerosis development is slowed, despite high-fat feeding (21) . On the other hand, the amount of EAT around the coronary vessels correlates positively with plaque size in coronary atherosclerosis patients (179) .
Like other fat depots, PVAT expands with obesity and diabetes (64) . Under these conditions, PVAT and EAT appear to alter their regulatory role toward the underlying vasculature, transitioning from protective under lean healthy conditions to damaging in obesity, diabetes, and weight gain (64) . In obesity, PVAT contains more inflammatory cells (e.g., macrophages) and secretes less anti-inflammatory substances such as adiponectin and more proinflammatory adipokines such as leptin, resistin, angiotensinogen, cytokines including interleukin (IL)-6, IL-8, tumor necrosis factor (TNF)-␣, monocyte chemoattractant protein-1, and reactive oxygen species [reviewed by Fitzgibbons and Czech for humans and mice (49)]. A shift to a proinflammatory phenotype, underlain by reduced adiponectin and increased cytokines in adipose tissue, is also the most obvious result of a high-fat diet [e.g., Chatterjee et al. (22) ]. This altered profile of adipokine/cytokine production in PVAT may contribute to increased hypertension and atherosclerosis. As an example, inflammatory signaling induces nitric oxide synthase-2, resulting in unregulated nitric oxide production and peroxynitrite formation, which directly induces vasoconstriction (49) . The link between PVAT and atherosclerosis outcomes is likely also related to the degree of inflammatory signaling produced in adipose tissue (reviewed in Ref. 180 ). Mechanistically, it has been hypothesized that adipose inflammation is relevant to plaque formation via recruitment and proliferation of myofibroblasts and a contribution to vascular remodeling (134) . Adipose tissue can also release hepatocyte growth factor, which increases with increasing PVAT mass (147) .
EAT also becomes dysfunctional as a result of obesity, displaying reduced adiponectin secretion and fatty acid uptake (49) . Adiponectin produced by EAT is able to regulate local blood flow (35) , and it is reduced in the EAT of patients with coronary artery disease (77) . There is also evidence that EAT has a stronger proinflammatory phenotype in patients with coronary artery disease compared with other peripheral adipose depots (115) . As with other PVATs, EAT presents a less inflammatory phenotype in lean vs. diabetic patients (reviewed in Ref. 78) . It has been difficult to define a causative role for EAT in inflammation based on observed biochemical differences under obesity because the amount of EAT correlates with the volume of visceral adipose tissue, which is an important confounder of cardiovascular disease (reviewed in Ref. 49) . It generally appears that EAT presents no additive cardiovascular disease risk beyond that associated with increased visceral fat in the same patients and that volume-independent beneficial paracrine effects can be exerted by healthy EAT on coronary calcification and cardiac dynamics (49) .
BROWN ADIPOSE TISSUE AS AN ENDOCRINE ORGAN: NOVEL PERSPECTIVES (IN PARTICULAR POTENTIAL EFFECTS ON THE HEART)
In addition to the direct role that BAT plays in influencing metabolism, as described earlier, recent research has uncovered a potential role for BAT as an endocrine mediator. Brown adipose tissue secretes multiple molecules (for a review see Ref. 183) , the so-called BATokines. These molecules may then alter physiology by autocrine, paracrine, and endocrine mechanisms, thus modifying BAT itself or acting remotely on other systems. The endocrine profile of BAT appears to be distinct from that of WAT. The currently known autocrine and paracrine factors that are secreted by BAT and that have a direct effect on the BAT or its surrounding tissue have been reviewed extensively (60, 95, 144, 185) . We will focus mainly on the endocrine factors that may have a beneficial role in cardiovascular health by improving systemic metabolism or by directly affecting the heart (Fig. 4) .
Several reports using transplantation of BAT in rodents have shown beneficial effects on metabolism and cardiovascular outcomes and can be explained by the release of endocrine factors. For instance, BAT transplantation reversed the glycemic symptoms of two different models of type 1 diabetes without a change in insulin levels (65, 66) . IGF-I, a molecule secreted by BAT into the circulation, was put forward as the potential mediator of these effects (65, 66) . In addition, in 2013 both Stanford et al. and Liu et al. reported that adult BAT transplantation could reverse metabolic abnormalities in highfat diet-induced or Ob/Ob insulin-resistant obese mice (107, 167) (and the weight gain as previously discussed). In the study of Stanford et al., IL-6 and fibroblast growth factor (FGF)-21 were identified as the potential BATokines mediating the beneficial metabolic effects; these secreted factors will be discussed in more detail below. Finally, our team demonstrated that transplantation of wild-type BAT could prevent the increase in cardiomyocyte injury observed in catecholamineinduced cardiomyopathy in UCP1 KO mice (170) . This finding suggests the important hypothesis that the presence of functional BAT mediates cardioprotection. In summary, BAT transplantation studies confirm the ability of BAT to produce systemic signals that can decrease cardiovascular risk by either positively influencing metabolism or by directly acting on and protecting cardiomyocytes. In addition, these studies show that relatively small amounts of BAT may have significant systemic effects.
Recent secretome analysis of BAT confirmed the existence of a distinct set of BAT-enriched secreted factors (109, 186) . Further studies are needed to demonstrate that these factors are solely secreted by BAT. Below we give an overview of potential BATokines that might have a cardioprotective role via either direct cardiac action or via improving metabolism ( Table 1) .
The first known endocrine factor secreted by BAT was the active thyroid hormone T 3 (163) . T 3 is produced by the type II thyroxine 5=-deiodinase (DIO2)-mediated conversion of the prohormone thyroxine (T 4 ). Although the DIO2 is not solely expressed in BAT, a significant upregulation of the enzyme was observed after BAT activation concomitant with a detectable increase of T 3 levels in plasma (46, 163, 164) . Thyroid hormones have gained interest in the field of cardioprotection since they were shown to exert strong cardioprotective effects in both humans and animals (for a review, see Refs. 53 and 128) despite their deleterious chronotropic effect (178) . The active cardioprotective role of BAT-mediated T 3 production is uncertain since T 3 is produced by several other tissues (36) . FGF21 is secreted by cold-activated BAT (74, 94) . FGF21 exerts pleiotropic beneficial effects on lipid and glucose metabolism in mice and humans (59) and was identified by Stanford et al. as a candidate endocrine factor released by transplanted BAT (167) . FGF21 is considered a promising new therapy to lower obesity and associated disorders, both by activating BAT and by acting on WAT and the liver (for a review, see Ref. 59 ). Importantly, FGF21 was recently reported to have both antihypertrophic and cardioprotective actions on the heart in animal models of hyperthophy (143) and ischemia (103) , respectively. It must be noted, however, that the secretion of FGF21 is not specific to BAT; other tissues, including liver (129) and skeletal muscle (80) , also release FGF21 in the circulation. Additionally, it is unlikely that FGF21 is the factor responsible for cardioprotection in the transplantation model since, in analogy with a recent report by Keipert et al. (84), we observed an increase of FGF21 in UCP1 Ϫ/Ϫ mice (unpublished data) while these mice displayed increased levels of cardiomyocyte injury (170) . Nevertheless, FGF21 remains an emerging target for the treatment of hypertrophy and ischemic injury of the heart. Neuregulin 4 (Nrg4) was recently identified as a BATokine that is strongly induced during brown adipogenesis (186) , but also by adrenergic receptor (cold)-induced BAT activation (151, 186) . Studies in mice demonstrated that Nrg4 protects against diet-induced insulin resistance and hepatic steatosis through attenuating hepatic lipogenic signaling (186) . Nrg4 was also shown to stimulate neurite outgrowth of PC-12 cells, suggesting that it might induce increased neuronal growth in BAT (151) . Finally, a single report identified Nrg4 as a molecule secreted by the liver in a myocardial ischemia model. In this study, Nrg4 had cardioprotective effects against myocardial ischemic injury when administered to mice (104) . However, the possibility of BAT secretion was not verified in this study and whether Nrg4 might be sufficiently released by BAT under conditions of cardiomyocyte injury to provide cardioprotection is unknown.
IL-6 is a well-characterized proinflammatory cytokine that is produced by many tissues upon inflammatory triggers. In addition, IL-6 signaling mediates glucose metabolism and energy balance: IL-6 KO mice develop diet-induced obesity and glucose intolerance, whereas chronic activation of IL-6 signaling increases energy expenditure and promotes browning of WAT in cancer-induced cachexia (140, 142) . The improvements of glucose homeostasis and insulin sensitivity attributed to BAT transplantation were abolished when BAT from IL-6 KO mice was transplanted (167) , suggesting that IL-6 mediated the beneficial effects of BAT transplantation. It would be interesting to elucidate the endocrine significance for metabolic homeostasis of IL-6 secreted by BAT. However, because of its complex signaling and nonspecific production by many tissues, the therapeutic relevance of IL-6 seems unlikely (140) . In addition, IL-6 was shown to have a dual role in cardioprotection, having an acute cardioprotective effect in heart failure but contributing to maladaptive remodeling and contractility in the heart after long-term exposure (52) .
Nerve growth factor (NGF), a growth factor known to promote survival and proliferation of neurons, is produced by BAT (127) . NGF typically signals through its receptors to promote sympathetic axon growth and the innervation of target tissues. One could therefore hypothesize that NGF signaling may establish and/or remodel sympathetic innervation of BAT, and thus affect metabolic homeostasis. However, this hypothesis has not been investigated to date. In a diabetic setting, hyperglycemia attenuates NGF production by endothelial and neural cells, leading to the degeneration of cardiac nerves and worsening of cardiac function (131) . NGF exerts prosurvival activity in ischemic cardiomyocytes and isolated perfused hearts (18, 191) and improves cardiac function in diabetic isolated perfused hearts (202) . However, the expression of NGF in BAT appears to be reduced after BAT activation (130) , and thus a cardioprotective role in response to activation is unlikely.
Upon BAT activation by cold or adrenergic signaling, FFA are released by lipolysis of stored TG. These FFA not only provide an important source of energy but can also activate tissue-specific FFA receptors, which are a class of G protein-coupled receptors that can elicit metabolic responses in a variety of tissues (71, 133) . It was recently shown that certain adipocyte-specific branched FA represent a new class of biologically active lipids that improve glucose tolerance and reduce adipose tissue inflammation in obesity (201) . However, to date information regarding the secreted FFA profile of BAT is absent. The further study of BAT-specific metabolomics is an interesting research topic and may yield potential new mediators between BAT and other tissues.
In summary, accumulating evidence suggests that BAT has an endocrine role. Recently, an increasing number of endocrine factors released by (activated) BAT are being identified. The function of BAT might thus be strikingly more complex than merely a biological tool for energy expenditure and thermogenesis. It is currently projected that the majority of potential BATokines have not yet been discovered, nor are their target organs, tissues or cells, mechanism of action, or signaling cascades known. Given the renewed interest in BAT since its rediscovery in adult humans, BAT activation and BATokines are potentially promising tools for clinical treatment of cardiovascular risk factors such as obesity, decreased glucose tolerance, and increased insulin resistance.
In a recent study in our laboratory we have provided indication that BAT is activated in a model of catecholamine-induced injury (170) . Recent data (unpublished) from our group suggest similar activation in models of cardiac ischemia in mice. Importantly, we also discovered that BAT exerts a systemic cardioprotective action in models of catecholamine-induced injury in mice leading to decreased myocardial injury, fibrosis, and left ventricle adverse remodeling (170) . This cardioprotective effect could be due to systemic actions of BATokines or occur through systemic improvements in metabolism. If such a cardioprotective effect can be extended to other models of heart failure, BAT activation or transplantation may show promise as novel therapeutic avenues.
While this review brings forward the concept that BAT contributes to reduction of cardiovascular risk and myocardial protection, there are many aspects that remain to be addressed. To date, no BATrelated therapies have been reported in humans, likely because most of the ongoing research is still in the discovery and preclinical phase. The recent recognition of functional brown/beige fat in adult humans raises the prospect that brown fat abundance and/or function may be augmented to restore energy balance in obesity and treat obesityassociated metabolic disorders. As described in detail in the review, BAT activity appears to inversely correlate with body mass index and body fat content, and BAT activation ameliorates weight gain and improves plasma glucose and lipid profiles. However, whether BAT activation holds therapeutic value for cardiovascular disease in humans is an unanswered question for now. Nonetheless, a general beneficial effect of BAT activation toward the reduction of cardiovascular risk factors is not unimaginable. The mechanisms of BAT secretory protein upregulation and action are another potentially fruitful avenue toward developing therapies based on brown fat. These secreted factors may potentially exert metabolic benefits on adipose tissues, the heart, or other peripheral tissues; participate in coordinating various aspects of metabolic adaptation during cardiovascular insults; and contribute to direct cardioprotection. Defining the brown fat secretome and elucidating its function are a critical first step toward understanding the metabolic cross talk between BAT and other tissues. Future research warrants answering the question if BAT and its BATokines will yield new therapies for metabolic disorders and cardiovascular disease. 
